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Abstract
A regional geochemical survey using soils, stream sediment and stream water sampling revealed multi-element geochem-
ical anomalies, though of low environmental mobility, associated with Mesozoic sedimentary ironstones in Lincolnshire,
UK. The most prominent of these anomalies were of As and V in soils and sediments, but elevated levels of elements such
as Cr, La, Ce and Th were also observed. These were initially thought to be part of a residual resistate element or heavy-
mineral suite, but careful examination suggests that these too may be primarily associated with the process of Fe oxide
precipitation during the initial formation of the ironstones.
Crown Copyright  2007 Published by Elsevier Ltd. All rights reserved.
1. Introduction
During the preparation of the Regional Geo-
chemical Atlas of the Humber-Trent region (British
Geological Survey, 2007) for the British Geological
Survey’s Geochemical Baseline Survey of the Envi-
ronment (G-BASE) project, a series of strong and
distinctive geochemical patterns for a number of ele-
ments were observed over sedimentary ironstone
outcrops in Lincolnshire, U.K., and are worthy of
special attention. Possible explanations for the pat-
terns observed are given and examined.
The English county of Lincolnshire hosts several
Mesozoic sedimentary ironstone formations, nota-
bly the Frodingham ironstone at Scunthorpe, the
Marlstone Rock in the south near Grantham, and
the Claxby ironstone which runs below the escarp-
ment of the Wolds from Spilsby north to Caistor
(Fig. 1). The former are of Lower Jurassic age, the
latter is of Lower Cretaceous age, but all show some
interesting geochemical characteristics. Each of
these named ‘ironstone formations’ contain ferrugi-
nous sandstones, limestones and mudstones in addi-
tion to beds of true ironstones which generally
contain greater than 30% by weight Fe oxides. Sed-
imentary ironstones, other than the more problem-
atic banded iron formations, are mainly lagoonal
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or shallow-water marine deposits where conditions
allow movement of free reduced Fe in solution as
Fe2þðaqÞ or as colloidal Fe
(III) complexes and its precip-
itation in a variety of insoluble Fe(II) and Fe(III)
compounds, minerals such as goethite, limonite, sid-
erite, vivianite and chamosite being the most com-
mon forms. The content of sulphides such as
pyrite is variable, depending largely on the original
organic-matter content of the lagoonal sediments
and the O2 fugacity during sedimentation and pre-
cipitation, but is generally low in the ironstones
under consideration here. This is significant, as pyr-
ite can be an important carrier mineral for As, and
such a readily-oxidised mineral would make the
high As levels noted in this study much more mobile
and potentially hazardous. A comprehensive expla-
nation of sedimentary ironstone geochemistry can
be found in Maynard (1983), and Young and Taylor
(1989). Elevated levels of other elements are often
found in sedimentary ironstones, notably Ca (as
many are impure limestones) and P, due to the reac-
tion and sorption of solubilised organic and inor-
ganic phosphate with Fe(III) as hydroxide to give
the highly insoluble FePO4–Fe(OH)3 additive com-
plex. Strengite (FePO4 Æ2H2O) and ferrihydrite
(Fe(OH)3) can be considered to be the nominal
end-members of this complex reaction series. One
additional feature of this sorption reaction is that
arsenate, AsO34 , can behave very similarly to phos-
phate, PO34 , under these conditions (cf. Dixit and
Hering, 2003), and is also strongly sorbed to Fe
hydroxide precipitates, resulting in elevated As lev-
els in many sedimentary ironstones. Scorodite
(FeAsO4 Æ2H2O) is analogous to strengite and simi-
larly forms a complex reaction series with ferrihy-
drite, though the pure scorodite end-member is a
rare mineral, which is only formed under strongly
acidic conditions (e.g., in precipitates from acid
mine drainage waters) and is not especially resistant
to weathering. The peculiar sources and deposi-
tional environment of sedimentary ironstones may
also lead to elevated levels of other trace elements,
notably those which are commonly believed to have
a ‘resistate’ mineral host, such as Cr, V, Th and the
Fig. 1. Sketch map of the ‘solid’ geology of Lincolnshire, and location within the UK.
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lanthanide elements Ce and La. Resistate elements
are generally those whose host minerals are highly
resistant to both chemical and physical weathering
and hence have a very long residence time in soils
and sediments. They are not necessarily the same
as ‘heavy minerals’, though some heavy minerals
are resistate.
2. Topography and geological background
Much of Lincolnshire is relatively low-lying, but
with ridges of higher ground formed by a number of
resistant geological formations, notably the Frod-
ingham and Marlstone Rock Bed ironstones, the
Lincolnshire Limestone, and the Chalk, which rises
to over 160 m O.D. in the Wolds. A map of the
‘solid’ (Pre-Quaternary) geology is shown in
Fig. 1, and shows a broadly north–south to NW–
SE pattern of Mesozoic sedimentary rocks ranging
from the late Triassic (Mercia Mudstone Group)
to the Upper Cretaceous (Chalk). The Quaternary
geological map (Fig. 2) shows a variety of coverings
of till and fluvioglacial sands and gravels, lacustrine,
river and marine alluvium, peat and patches of
blown sand. Holocene beach and Fen deposits, with
smaller areas of anthropogenic ‘made ground’, com-
plete the sequence. The stratigraphic relationships
are shown in Figs. 3 and 4. Of the three major iron-
stones present, the Frodingham and Claxby beds
are restricted to this area, while the Marlstone rock
bed is more strongly developed to the south, notably
in Leicestershire and Oxfordshire, and only crops
out in the south of the area shown. The Frodingham
ironstone provided rich Fe ores and was extensively
mined until recently, forming the basis for the steel
industry of Scunthorpe. The Claxby ironstone has a
narrow outcrop at the base of the Chalk escarpment
and was worked on a much smaller scale, e.g., at
Fig. 1 (continued)
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Nettleton [NGR 511, 400] near Caistor, 20 km west
of Grimsby, though the last mine here closed in
1969. The Marlstone rock bed was not worked in
the area of interest, but was formerly mined in the
area immediately to the south, for example between
Grantham and Melton Mowbray. Other much thin-
ner and impersistent ironstones are locally present
at some other horizons within the Lias and Lower
Cretaceous (e.g., within the Hundleby and Tealby
Clays), but naturally show less prominent geochem-
ical features at outcrop.
3. The G-BASE regional geochemical survey project
The Geochemical Baseline Survey of the Envi-
ronment (G-BASE) is a long-established, high-res-
olution regional geochemical mapping project run
by the British Geological Survey, aimed at making
a complete geochemical survey for the whole UK
landmass, and is described in detail in several pub-
lications (Johnson and Breward, 2004; Johnson
et al., 2005). When sampling commenced in the
late 1960s the work was stimulated by mineral
exploration, but this high-resolution survey has
evolved continuously and now has many environ-
mental applications. The geochemical mapping,
originally based on the collection of wet-sieved
sub-150 lm drainage sediments at a target sam-
pling density of one stream sediment sample per
km2, has expanded to include the sampling and
analysis of stream waters and soils (sub-2 mm)
and now also includes the systematic sampling of
urban soils (Fordyce et al., 2005). Solid materials
are analysed for some 38 elements by X-ray fluo-
rescence spectrometry (XRFS), and filtered stream
waters (0.45 lm) are analysed mainly by induc-
tively-coupled plasma atomic emission spectrome-
try (ICP–AES) and inductively-coupled plasma
Fig. 2. Sketch map of the Quaternary geology of Lincolnshire.
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mass spectrometry (ICP–MS) for up to 35 ele-
ments, plus parameters such as pH and conductiv-
ity by other methods. Consequentially, with such a
high resolution survey and wide range of elements,
the project database now contains data for some
five million individual element determinations.
Fig. 3. Outline stratigraphy of the Lower Jurassic (Lias Group) in Lincolnshire.
Fig. 4. Outline stratigraphy of the Upper Jurassic and Lower Cretaceous in Lincolnshire.
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In the area of interest, soil samples were taken
on a grid pattern at a sampling density of one
sample/2 km2. Two soil samples were taken at
each site: a ‘topsoil’ (2531 samples) extending to
about 5–20 cm depth, and a ‘profile’ soil (2697
samples) at 35–50 cm depth. Stream sediments
(1342) and stream waters (1000) were taken from
natural first and second-order streams, and were
therefore limited to those areas of suitable surface
drainage. An average sampling density of only
one sample/4 km2 was achieved for stream sedi-
ments over the area of interest, this relatively
low figure being due to the areas of limestone
and chalk outcrop being devoid of low-order sur-
face drainage, and the fenlands where much of the
surface drainage is in man-made ditches and
drains which do not accurately represent natural
surface drainage.
Fig. 5. Arsenic in surface soils, Lincolnshire.1:625,000 geology lines. Gridded at 100 m/pixel.
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4. Map creation and interpretation
Regional geochemical data are best presented as
thematically coloured maps. These may be pro-
duced by a variety of gridding software packages,
but those images shown here were generated using
a BGS-written bespoke gridding and data analysis
module added to the popular NIH-Image image
processing programme (Breward and Herd, 1998).
Square-law inverse-distance weighting (IDW) was
used as the main gridding algorithm. The coloured,
percentile-classified raster files produced were then
incorporated into a GIS package such as MapInfo
or ArcView where further layers of geological and
geographical information were added. Extra images
such as the multi-component colour-addition maps
were produced either in NIH-Image or in Adobe
Photoshop. Each atlas puts the interpretation of
Fig. 6. Arsenic in profile soils, Lincolnshire. 1:625,000 geology lines. Gridded at 100 m/pixel.
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the regional geochemistry in the context of the geol-
ogy and other available geoscience information such
as mineral occurrences. In addition to presenting
results in a series of geochemical atlases, G-BASE
samples and data are utilised in a wide range of
applications and reported in peer-reviewed publica-
tions. Recent publications have shown how these
regional geochemical data can be used: to interpret
subtle geological changes (Stone et al., 2004); to
demonstrate the relationships between soils, heavy-
metal pollution and parent material (Breward,
2003; Rawlins et al., 2002, 2003); in bioacessibility
studies (Palumbo-Roe et al., 2005), in archaeology
(Chenery et al., 2001); and surface water research
(Hutchins et al., 1999).
The geochemical maps shown here display a sub-
set of the regional geochemical data used in the
Humber-Trent Regional Geochemical Atlas (British
Geological Survey, 2007), re-gridded at a suitable
scale (100 m per pixel).
5. Results and discussion
5.1. Arsenic
The geochemical maps for As in topsoils and
profile soils are very similar (Figs. 5 and 6), with
the principal ironstone outcrops showing very high
As values. Minimum, maximum, mean and median
values for As in soils and sediments over each of the
major ironstones are given in Table 1.
The tight definition and spatial correlation of the
anomalous As levels to the ironstone outcrops indi-
cates both the high levels and the relative lack of
dispersion and removal from the soil. Each of the
ironstones stands out sharply against the back-
ground, but it is of note that the coastal marine allu-
vium deposits also show moderately high As levels
in both soil horizons while the alluvium of the Fens
and in the Humberhead Levels show higher levels in
the topsoils. The role of Fe oxides in influencing
selected trace element concentrations in soils is dis-
cussed in Hamon et al., 2004.
Fig. 7 shows As levels in stream sediments, giving
a broadly similar distribution pattern to that in the
soils, albeit with a rather less continuous coverage
due to the lack of natural first-order stream drain-
age in some areas. High levels are present over the
ironstone outcrops, although there are only two
stream sediment samples located directly on the
Marlstone rock outcrop. The coastal and Humber-
head Levels alluvium is less well marked by elevated
As levels in the sediments than in the soils, but the
anomalies in the Trent valley west of Lincoln are
more pronounced.
More significantly, the map for As in stream
waters (Fig. 8) shows no sign of elevated dissolved
As values over those areas of anomalously high
soils and sediment As. This is characteristic of
the very high stability of the As–Fe sorption com-
pounds with regards to dissolution and the conse-
quent very slow release and low solubility of As
from this source. It would appear that conditions
of low pH, low Eh and high soil microbiological
activity (giving rise to both reduction and methyl-
ation) may be required to mobilise a significant
amount of As from these ironstone soils (Alloway,
1995). There is, therefore, very little health or envi-
ronmental risk from such high As levels in iron-
stones as the bioaccessibility of the As appears to
Table 1
Minimum, maximum, mean and median values for As in soils and sediments over the ironstone outcrops
Soil A (surface) Soil S (profile) Stream sediment
Min Max Mean Median Min Max Mean Median Min Max Mean Median
Claxby ironstone 14 342 70 50 7.6 389 78 62 15.4 210 70 60.5
n = 98 n = 93 n = 76
Marlstone rock bed 22 146 49 33 21.2 237 57 33.8 78 96 87a n/a
n = 20 n = 26 n = 2
Frodingham ironstone 25 120 54 41.5 25.0 152 60 57.6 30 96 65 63
n = 31 n = 28 n = 16
Regional median value 15.5 16.5 16.9
All values in mg/kg.
n = Number of samples.
a Not reliable on such a small sample set.
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be extremely low, provided that anoxic, acid
weathering conditions do not become established.
This is highly unlikely over the main inland out-
crops, but may be a cause of the higher As levels
noted in stream waters over the coastal sediments
e.g., at Somercoates (NGR 542, 397), 20 km SE
of Grimsby.
Geochemical modelling of As speciation and
mobility in both the solid phase and pore waters of
soils developed over the Frodingham ironstone has
been examined by Tye et al., in preparation, using
such models as WHAM 6 (Tipping, 1998), and tak-
ing into account competition between AsO34 and
PO34 . Under the prevailing soil conditions, where
total As levels were around 79–145 mg/kg, labile
As defined by the ‘Olsen P’ extract system was found
to be have a maximum value of only 0.6 mg/kg
(declining with depth) and soil pore water levels
Fig. 7. Arsenic in stream sediments, Lincolnshire. 1:625,000 geology lines. Gridded at 100 m/pixel.
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below 5 lg l1 throughout the soil profile. The bioac-
cessibility of As in soils and sediments derived from
As-rich ironstones has also been studied using the
physiology-based extraction test (PBET) selective
extraction test derived by Ruby et al. (1996) and fur-
ther developed in BGS (Cave et al., 2003). This uses
reagents and conditions designed to simulate the
solution and sorption characteristics of the human
digestive tract. The bioaccessibility of As in the sam-
ples has been found to be very low (Palumbo-Roe
et al., 2005; Wragg, 2005), using both PBET and
other sequential-extraction and chemometric methods.
These showed that the bulk of the As was held in less
reactive, low-solubility Fe phases, thus reinforcing
Fig. 8. Arsenic in stream water, Lincolnshire.1:625,000 geology lines. Gridded at 100 m/pixel.
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the observation that very little As is moving in solu-
tion into the stream waters.
This clearly has implications for the treatment
of ‘contaminated’ land. Many of the soils in these
areas have total As levels well above the soil
guideline values derived by the CLEA model of
30 mg/kg for residential areas (DEFRA, 2002)
and would require ‘remediation’ in the event of
development, even though the high levels are
entirely natural and the As is almost completely
immobile and non-bioaccessible under normal sur-
face conditions. The current legislation, based
solely on ‘total’ element analyses of soils, would
therefore appear to be seriously flawed in this
aspect, and refinements to these models (and
the legislation based on them) to take the bioac-
cessibility of the ‘contaminant’ into account, are
recommended.
The high levels of As in the Claxby soils and
sediments compared to those derived from the
other ironstone outcrops are also worthy of note.
The ironstones of the Wealden district in southern
England, which are similar in age to the Claxby
ironstone, do not show particularly high As levels
(J D Appleton, BGS, pers. comm.) so this is not a
general feature of the Lower Cretaceous and a
more local sedimentation effect must be responsi-
ble. In the Wealden district, the Lower Cretaceous
sedimentation follows the latest Jurassic shallow-
water marine sediments without a break, the only
significant unconformity within the Lower Creta-
ceous being above the horizon of the ironstones.
However, in Lincolnshire the base of the Creta-
ceous (the base of the Spilsby Sandstone is actu-
ally of uppermost Jurassic age, but this does not
affect the case proposed) is transgressive west-
wards over an uplifted late-Jurassic land surface,
and exposed Oxford Clay and Kimmeridge Clay
would have provided a source of sediment to the
Lower Cretaceous sea, the coastline of which
was probably not more than a few km west of
the current outcrop (Rawson, 1992). Both clay
formations are relatively rich in S and organic
matter and thus might provide a richer source of
As and other elements to the lagoonal ironstone
depositional system. Subaerial weathering of these
Fig. 9. Profile soil chromium (red), vanadium (green) and lanthanum (blue) RGB addition map. 1:625,000 geology lines.
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formations might also have yielded the low-pH
stream conditions required for the transport of
Fe2+ in solution.
5.2. Other elements
Arsenic is not the only trace element commonly
observed to be enriched in soils and sediments
derived from sedimentary ironstones, and this is
certainly true of those in the study area. A three-
component RGB map (red–green–blue colour-
addition map, see Breward, 2003) for profile soil
Cr, V and La is shown as an illustration (Fig. 9).
The major ironstone units are picked out clearly
as bright near-white areas (indicating high levels
of all three elements), especially the Claxby iron-
stone outcrop which is very sharply defined. More
diffuse areas of moderately high values of supposed
‘resistate’ elements are shown in mid-grey by the
coastal marine alluvium, the Fen soils west of
Skegness, parts of the Trent floodplain and the
superficial deposits over the low-lying Upper Juras-
sic clay outcrop to the east of the Lincolnshire
Limestone ridge.
These trace elements may occur at elevated levels
in ironstones either through chemical concentration
(like As) or from the residual detrital fraction. The
latter tends to be enriched in heavy, resistate miner-
als and their associated elements, such as V, Cr, Ce,
La and Th minerals such as magnetite, chrome-spi-
nel and monazite are suggested by this enriched ele-
ment suite. However, TiO2 levels are unremarkable
over the ironstones and Zr levels are notably low
(both typically resistate elements) and maps for
these are not given, so the observed patterns are
unlikely to be caused simply by a generalised resi-
state mineral assemblage. Table 2 shows maximum,
minimum, mean and median values for V, Cr La, Ce
and Th in soils and sediments over the ironstones,
and the regional median for these elements, in order
Table 2
Maximum, minimum, mean and median values for V, Cr, La, Ce and Th in soils and sediments over the ironstone outcrops
Soil A (surface) Soil S (profile) Stream sediment
Min Max Mean Median Min Max Mean Median Min Max Mean Median
Claxby ironstone V 34 831 201 152 31 1013 204 152 41 390 177 165
Cr 16 254 100 87 12 280 108 100 16 175 111 110
La n/a 11 121 53.6 53.6 23 108 46.7 45
Ce n/a 15 283 112.4 102 44 205 98.2 96
Th n/a 1.8 26.1 9.8 9.3 3.0 15.4 9.4 9.2
Samples n = 98 n = 93 n = 76
Marlstone Rock Bed V 119 462 223 179 107 589 234 194.5 137 280 208a n/a
Cr 86 289 141 117 82 394 159 131.5 87 201 144a n/a
La n/a 34 81 54.7 53.5 49 54 51.5a n/a
Ce n/a 74 188 124.8 117 112 131 121.5a n/a
Th n/a 7.6 27.9 13.6 12.3 8.6 14.9 11.7a n/a
Samples n = 20 n = 26 n = 2
Frodingham ironstone V 79 534 197 152 107 985 243 185 54 338 223 213
Cr 39 250 100 90.5 53 241 123 112.5 52 275 129 130
La n/a 23 85 46.9 46.0 23 72 50.1 50.0
Ce n/a 54 279 109 101.5 46 152 110.9 116
Th n/a 6.1 57.2 15.1 12.8 3.4 25.4 15.3 14.7
Samples n = 31 n = 28 n = 16
Regional median value V 83 88 100
Cr 71 83 95
La n/a 40.1 39.3
Ce n/a 82.0 81.5
Th n/a 8.3 8.2
Samples n = 2531 n = 2697 n = 1342
All values in mg/kg.
n = Number of samples.
a Not reliable on such a small sample set.
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to allow comparison with those of As from Table 1.
Note that La, Ce and Th data are not available for
the topsoils.
In Figs. 10–12, the scatter-plots and correlation
of As, V and P against Fe for soils and sediments
derived from the ironstones reveal a number of
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Fig. 10. Correlation graphs for arsenic against iron (Fe2O3) content in soils (A = surface, S = profile) and stream sediments.
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curious features. Very strong correlations between
Fe and As are shown by both soil horizons and
stream sediments for the Claxby ironstone outcrop,
though with more scatter for the sediments, perhaps
indicating some limited mobility and redistribution
on weathering. Both soil horizons show strong
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Fe–As links over the Marlstone rock bed, though on
many fewer samples, but it may be significant that
weaker correlation is shown by the Frodingham
soils and sediments, although the trends are similar
but of lower slope and overall As levels. This sug-
gests that the Frodingham soils are more disturbed
and contaminated by outfall from the local iron and
steel industry, possibly by Fe-rich dusts from which
the As has been removed, which weakens the direct
geogenic correlation.
The patterns shown by V are broadly similar to
those given by As, again giving very strong correla-
tions, but the sediments derived from the Froding-
ham ironstone show a breakdown in correlation at
high Fe levels, though this is based on only two aber-
rant samples and otherwise the correlation is strongly
positive, similar to that in the soils. Whether this is
again a feature of the industrial overprint of the Scun-
thorpe area on the Frodingham samples is not clear.
It is likely, given this strong correlation, that the
enriched levels of V are, at least in part, due to
in situ sorption and concentration by the sedimentary
Fe oxides during their formation. This is probably
related to the geochemical similarity of the VO34
anion and its derivatives such as HVO24 and
H2VO

4 with those of AsO
3
4 and PO
3
4 (Brookins,
1988) and the possibility of formation of a FeIII van-
adate complex replacement mineral related to the
strengite–scorodite group. Leaching of Frodingham
ironstone soil samples by increasing strengths of
HCl has been carried out at BGS for another project
(MRCave, BGS; pers. comm.) and also suggests that
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a sedimentary oxide phase, rather than resistate oxi-
des or silicates, is the host for most of the V in these
soils. Vanadium levels in streamwaters over the iron-
stones are not elevated, despite the highV levels in soils
and sediments, so the environmental mobility of the
sorbed V is clearly low, as is the case for As and PO34 .
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Fig. 11. Correlation graphs for vanadium against iron (Fe2O3) content in soils (A = surface, S = profile) and stream sediments.
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Less expected, given the commonly observed
association between sedimentary Fe oxides and
PO34 , is the very poor correlation shown by P
and Fe in the Claxby soils and sediments. Positive,
though not especially strong, correlations are pres-
ent with both the Frodingham and Marlstone rock
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soils, but not the Frodingham sediments. The Cla-
xby pattern clearly suggests a non-Fe oxide source
for the P, and the lack of a strong correlation with
any other major soil or sediment component sug-
gests an independent input source, possibly of
agricultural fertiliser, though this is far from con-
clusive. However, a strong correlation (r2 = 0.66
for >990 samples) between PO34 and NO

3 in
stream waters throughout Lincolnshire is typical
of such an intensively farmed county with high
inputs of fertilisers. Quite why this should have
more of an impact on the soils over the Claxby
ironstone rather than the other geological units is
uncertain. The presence of the overlying Chalk
outcrop might be a factor, but there is not a strong
Ca–P correlation in the soils either, which may
negate this explanation.
The elevated levels of Cr, Ce, La and Th
were, according to their conventionally-under-
stood geochemical behaviour, expected to have
a predominantly resistate mineral source. How-
ever, fairly strong positive correlations for these
elements with Fe have been observed in profile
soils over the ironstones (Fig. 13), with Cr
and Ce showing the strongest enrichments. It
seems unlikely that the geochemical conditions
required for ironstone formation would also
allow the mobilisation and concentration of all
of these elements by a similar process of sorp-
tion or co-precipitation, nor should normal tem-
perate soil processes generate such a correlation
as an artefact, yet this suggests that processes
other than simple resistate heavy-mineral con-
centration are operating. Although Fe2+, Cr3+
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and VO2+ can co-exist in solution at pH values
<4.0 and then be taken up by coprecipitation of
hydrous Fe(III) oxide (Brookins, 1988), is it pos-
sible that small amounts of La3+ and Ce3+ may
also be initially mobilised then similarly co-pre-
cipitated with the Fe oxides? Can this also be
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Fig. 12. Correlation graphs for phosphorus (P2O5) against iron (Fe2O3) content in soils (A = surface, S = profile) and stream sediments.
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true for Th to a more limited extent? Although
not so strongly enriched as the other elements,
Th shows one of the strongest positive correla-
tions with Fe2O3, which does suggest that a
‘real’ causative process is operating and that this
is not merely a coincidence.
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When such unexpected observations are made, it
is tempting to suggest that analytical artefacts –
such as positive interferences of the very high Fe
levels on the trace elements during the X-ray fluo-
rescence analyses – may be responsible, but careful
re-analysis of a subset of samples by XRF and
examination of the data suggests that this is not
responsible. The evidence shown by this data there-
fore, although limited and not conclusive, would
suggest that the contemporaneous mobilisation
and transport of these ‘resistate’ elements, followed
by sorption by the Fe oxides, was a viable natural
geochemical process. There is still much to learn
about the environmental chemistry of low-mobility
elements such as Th, and modern analytical tech-
niques such as ICP–MS are rendering the concept
of an ‘insoluble’ element obsolete by, for example,
providing credible regional stream-water data for
Th and Zr at a detection limit of less than 0.01 lg/
l. Correlations, of course, are not always causative,
and reliance on simple thermodynamic Eh–pH dia-
grams may be misleading, but this phenomenon is
worthy of further investigation. Other heavy metals,
such as Ni, Co, Cu and Pb, do not show this
linkage.
6. Summary and conclusions
The Lincolnshire ironstones give rise to high lev-
els of As and some other trace elements in soils and
stream sediments. However, the stability of the Fe
oxides is such that As mobility and bioaccessibility
at least is extremely low, and there is no As eleva-
tion in the associated stream waters. Although the
Marlstone Soil A: P2O5 v Iron
y = 0.036x + 0.031
R2 = 0.7153
0
0.2
0.4
0.6
0.8
1
1.2
0 5 10 15 20 25 30
Fe2O3, %
Marlstone Rock Soil S: P2O5 v Iron
y = 0.0367x - 0.023
R2 = 0.6728
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0 5 10 15 20 25 30 35
Fe2O3, %
P 2
O
5,
%
P 2
O
5,
%
Fig. 12 (continued )
1990 N. Breward / Applied Geochemistry 22 (2007) 1970–1993
Author's personal copy
Claxby Profile Soil: La, Ce, Cr, Th v Iron
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Fig. 13. Presumed ‘resistate’ trace elements in profile soils.
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As levels in the soils may comfortably exceed Soil
Guideline Values, sometimes by an order of magni-
tude, there is unlikely to be any environmental
impact from undisturbed ground and any ‘remedia-
tion’ carried out for development could be counter-
productive. The pattern of elevated levels of V
associated with the ironstones suggests a co-precip-
itation enhancement similar to that of As, rather
than a resistate heavy-mineral source. Although
elevated levels of Cr, Ce, La and Th were initially
presumed to be due to resistate heavy minerals, a
strong correlation with Fe in profile soils suggests
that additional mobilisation, transport and concen-
tration processes may have been operating during
the formation of the ironstones. The mechanisms
for the mobilisation of such elements as La, Ce
and Th are still not well known and are worthy of
further investigation, especially since modern ana-
lytical methods such as ICP–MS now allow the
detection of such metals in natural waters at much
lower levels than was previously available. The local
depositional environment and sediment source may
be responsible for the especially high As content of
the soils and sediments derived from the Claxby
ironstone. The impact of industry and agriculture
affects the primary geogenic linkages in some cases,
especially for P.
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